There has been much debate on the mechanism of regulation of mitochondrial ATP synthesis to balance ATP consumption during changing cardiac workloads. A key role of creatine kinase (CK) isoenzymes in this regulation of oxidative phosphorylation and in intracellular energy transport had been proposed, but has in the mean time been disputed for many years. It was hypothesized that high-energy phosphoryl groups are obligatorily transferred via CK; this is termed the phosphocreatine shuttle. The other important role ascribed to the CK system is its ability to buffer ADP concentration in cytosol near sites of ATP hydrolysis.
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ABSTRACT
There has been much debate on the mechanism of regulation of mitochondrial ATP synthesis to balance ATP consumption during changing cardiac workloads. A key role of creatine kinase (CK) isoenzymes in this regulation of oxidative phosphorylation and in intracellular energy transport had been proposed, but has in the mean time been disputed for many years. It was hypothesized that high-energy phosphoryl groups are obligatorily transferred via CK; this is termed the phosphocreatine shuttle. The other important role ascribed to the CK system is its ability to buffer ADP concentration in cytosol near sites of ATP hydrolysis.
Almost all of the experiments to determine the role of CK had been done in the steady state, but recently the dynamic response of oxidative phosphorylation to quick changes in cytosolic ATP hydrolysis has been assessed at various levels of inhibition of CK. Steady state models of CK function in energy transfer existed but were unable to explain the dynamic response with CK inhibited.
The aim of this study was to explain the mode of functioning of the CK system in heart, and in particular the role of different CK isoenzymes in the dynamic response to workload steps. For this purpose we used a mathematical model of cardiac muscle cell energy metabolism containing the kinetics of the key processes of energy production, consumption and transfer pathways. The model underscores that CK plays indeed a dual role in the cardiac cells. The buffering role of CK system is due to the activity of myofibrillar CK (MMCK) while the energy transfer role depends on the activity of mitochondrial CK (MiCK). We propose that this may lead to the differences in regulation mechanisms and energy transfer modes in species with relatively low MiCK activity such as rabbit in comparison with species with high MiCK activity such as rat.
The model needed modification to explain the new type of experimental data on the dynamic response of the mitochondria. We submit that building a Virtual Muscle Cell is not possible without continuous experimental tests to improve the model. In close interaction with experiments we are developing a model for muscle energy metabolism and transport mediated by the creatine kinase isoforms which now already can explain many different types of experiments.
INTRODUCTION
ATP, a major carrier of readily available energy in cells, is synthesized in the mitochondria and its major use in muscle is for myofibrillar contraction and ion pumping. Phosphocreatine (PCr) is known to be another abundant energy carrier in normal muscle cells. The transport of energy from mitochondria to myofibrils is a process involving intermediate energy carriers, several enzymatic reactions, and diffusion through various structures in the cell. The major part of the energy-carrying phosphate groups may leave the mitochondria in the form of PCr and not as ATP. This is possible because of the creatine kinase (CK) reaction ATP + Cr ←→ ADP + PCr, where Cr is creatine. The mitochondrial CK isoform (MiCK) produces usually PCr while the major myofibrillar isoform (MMCK) converts it back to ATP. Such transfer of energy has been termed the phosphocreatine shuttle [2] . The PCr shuttle facilitates energy transfer by providing a parallel pathway to ATP diffusion. The CK system has also another important function in muscle cells -energy buffering. In skeletal muscle the fluctuation of PCr follows closely the force generation during a contraction cycle while ATP remains constant [4] . Such strong buffering is essential to keep intracellular ATP high and ADP low.
During the last decade, a technique to measure the response time, tmito, of mitochondrial oxygen consumption to rapid workload steps in perfused hearts has been developed (see [23] for a review). Recently, the technique was used to assess tmito of rabbit hearts after a graded inhibition of the CK [10] . It turned out that the inhibition of CK led to shortening of tmito meaning faster signal transduction. This effect might be ascribed to the impaired buffering capacity of the CK system. Also, this result indicates that the functioning of the PCr shuttle is not obligatory to regulate the energy production and sustain the energy transfer at low or moderate workloads. Under stress conditions, however, the impaired CK activity prevents the perfused hearts to express the full dynamic range of myocardial contractile performance [9] . Apparently, the mode of functioning of CK isoenzymes and their role in energy transfer and buffering depends on the working conditions.
The aim of this study was to determine the mode of functioning of the CK system in heart. We developed a simple mathematical model of an energy production, transfer, and consumption and analyzed the roles of different CK isoenzymes in the dynamic response to workload transitions.
THE MODEL 2.1 Construction of the model
To analyze the mitochondrial response time we constructed a very simple mathematical model of a cardiac cell energy metabolism containing only the kinetics of CK isoenzymes in mitochondrial and cytosolic compartments (MiCK and MMCK, respectively), Michaelis-Menten-type kinetics of ATP synthesis and ATP hydrolysis rate as input parameters (see Figure 1) . The model equations are given in Appendix. This model is a simplified version of the much more extensive model that we have developed previously [24] . Next we give a brief description of the original model, the steps taken to simplify it and a discussion of the influence of each simplification.
In the original model, the compartmentalized energy transfer from a mitochondrion to a myofibril was simulated by a spatially inhomogeneous (distributed) reaction-diffusion processes. The model considered the reactions of three main compartments: the myofibril together with the myoplasm, the mitochondrial intermembrane space (IMS), and the mitochondrial matrix space. The metabolites described by the model in the myofibrils and IMS were ATP, ADP, AMP, phosphocreatine (PCr), creatine (Cr), and inorganic phosphate (Pi). All these metabolites could diffuse between the cytosolic and IMS compartments, where the metabolites were involved in the CK and adenylate kinase (AK) reactions. The ATP was hydrolyzed in the myofibrils. In the IMS, the mitochondrial CK (MiCK) reaction was integrated with the adenine nucleotide translocase (ANT) reaction via strong coupling between these enzymes. The model described also the kinetics of respiratory complexes (producing protonmotive force), membrane leak of protons, mitochondrial phosphate carrier and ATP synthase.
We simplified the above model by the following steps. First, we dropped the coupling between the MiCK and ANT. This was probably the most critical simplification. However, it is justified because the coupling effect is minimal at high ATP values for rabbit heart mitochondria [7] and removing the coupling did not affect the simulation results considerably. Second, since mitochondria respond to changes of ADP and Pi in their immediate environment very rapidly, we did not need such a detailed description of the mitochondrial processes. As ADP and Pi, but not ATP, are changed considerably in our simulations, sufficient similarity with the behavior of the original model was obtained using the Michaelis-Menten-type kinetics of ATP synthesis as a function of ADPi and P ii (IMS concentrations of ADP and Pi, respectively). Third, we lumped all the diffusion resistances together between the cytosol and the IMS, including the mitochondrial outer membrane resistance, the latter being substantial according to Saks.et.al [18] . Fourth, we dropped the AK kinetics and AMP from the model. It turned out that the last two steps had virtually no influence on the results. However, it is relevant to keep the full kinetics for both MMCK and MiCK isoforms in the model, because our simulations involved conditions where reactions of one or both of these isoforms were strongly out of equilibrium.
The simplified model has inherited from the original model the following properties. First, for low and moderate workloads, the ATP and PCr levels remain practically constant. Second, energy transfer occurs mostly via the PCr shuttle. Third, at moderate workloads, the PCr level drops when CK is inhibited. For more thorough discussion on these properties see [24] . Thus, the simplified model reproduced the behavior of the extensive model on these points. Figure 2 shows a schematic representation of the response of ATP production to a step of workload for both steady and oscillating workloads. For steady workload, tmito was calculated in our model as follows. After stepwise increase of workload from V1 to V2 at time t = 0, the system was integrated until the transients vanished (t = T ). Then the area between the solid and dashed line was computed for the range 0 ≤ t ≤ T and divided by the step size V2 −V1 yielding tmito. This procedure corresponds to determining the first statistical central moment of the impulse response function of a linear system, and would yield the time constant in cases where the response is monoexponential [15] .
Numerical procedures
For oscillating workload, the average level of workload was stepwize increased from V1 to V2 at t = 0. After the tran- sients vanished, the last period of Vsyn in (n−1)T2 ≤ t ≤ nT2 was repeatedly projected back as depicted by the dashed curve in the lower panel. Then the area between the solid and dashed lines was computed for the range 0 ≤ t ≤ nT2 and divided by the step size V2 − V1 yielding tmito. Note that this procedure is suitable for computing the response times when the oscillation periods before and after the step differ, i.e., T1 = T2.
The model equations were solved by a backward differentiation formula that is able to treat stiff equations, using the DVODE package. To fit experimental data, the model parameters were optimized by modified Levenberg-Marquardt algoritm, using the LMDIF least squares solver. To find the areas needed for tmito calculations (see previous paragraph), Simpson' rule was used.
RESULTS
In our simulations we varied the activity of the CK system. The results are presented with respect to the relative activity of creatine kinase, VCK , where VCK = 1 corresponds to normal MiCK and MMCK activities in rabbit heart, 1.0 and 5.7 IU/mgdw, respectively [12, 16] at T = 25
• C. We simulate the processes at T = 37
• C. We present most of our results for VCK = 0 -3 to include the range of MiCK activities relevant for other species such as rat which has higher mitochondrial CK activity than rabbit. The baseline workload was set to 500µM/s of ATP consumption (0.101 IU/mgdw). All the fluxes given in µM/s are calculated with respect to the total cell volume to make the fluxes in different compartments comparable. Figure 3 shows the concentrations of some cytosolic metabolites before and after the workload step from baseline to 40% above the baseline. We have not shown the concentrations of Cr and ATP, because they can be determined from the creatine and adenine nucleotide moieties conservation, respectively. The diffusion barrier between the cytosolic and intermembrane space (IMS) compartments leads to large relative differences between the cytosolic and IMS values only for ADP (denoted as ADPi in IMS). Note that ADPi decreases in response to workload step for VCK > 1. Figure 4 shows the relative fluxes of high energy phosphates from mitochondria. The sum of these fluxes equals the baseline ATP consumption. The fluxes are equal to each other at VCK = 0.37. This figure demostrates the activation of the PCr shuttle if the CK system is activated. The activation is further illustrated in Figure 5 which shows the net and forward (PCr production) fluxes through the MiCK. Because the MMCK activity is about 6 times higher than that of MiCK, it reaches its equilibrium at much lower VCK values. This demonstrates the different modes of functioning of the MM versus the mitochondrial CK isoenzymes in the PCr shuttle. In addition, this shows that the activity of the PCr shuttle is controlled by the activity of MiCK.
Metabolite concentrations and fluxes

Mitochondrial response times
The mitochondrial response time, tmito, depends on the chosen workload step and the baseline. According to simulations, the higher the baseline and the larger the step, the longer the response time (not shown). Our baseline was chosen to be one ninth of the maximal mitochondrial ATP synthesis capacity. As the response time is nearly constant for small workload steps, we used here a step with an amplitude of 1/1000 of the baseline. The results for steps as large as 1/4 of the baseline were very close to those presented here. Figure 6 demonstrates the unimodal dependence of tmito as a function of VCK in our model. This property is robust: the height and exact location of the peak depend on a set of chosen parameters, but the initial increase and a decrease thereafter are persistent properties. The peak coincides with the activation of the backward flux through MiCK. The peak occurs at VCK = 0.33. At that point, the ratio of backward and forward fluxes through the MiCK is 0.09.
To analyze the influence of the different CK isoenzymes on tmito, we fixed the activity of one isoenzyme and computed tmito vs. the activity of the other. Figures 7 and 8 demonstrate that the MMCK is able to affect tmito only if the MMCK activity falls below 0.15.
We give the description of the processes that lead to the unimodal behavior of tmito in our model, presented in Figure 6. Since the model has a diffusion barrier between the IMS and the cytosol, the cytosolic ADP and mitochondrial IMS ADPi may differ considerably. For other metabolites the barrier is not important since their concentrations are considerably higher than those of ADP while their fluxes are of similar order of magnitude. As the MMCK activity is about 6 times higher than MiCK activity in our model, the MMCK reaches its equilibrium earlier for increasing VCK . We split the whole range of VCK into three different regions and describe the modes of signal propagation in each of these. • Low CK (VCK < 0.03) In this range of VCK , the signal propagates very fast (tmito < 1s). This result is obvious, because the step in workload leads to the rapid increase in ADP which is not buffered by CK and propagates therefore rapidly to the IMS and activates mitochondrial ATP synthesis.
• MiCK low, MMCK high (0.03 < VCK < 0.33) By gradually activating CK, the signal propagation becomes slower. This slowing occurs in parallel with MMCK approaching its equilibrium and being able to buffer cytosolic ADP. At the same time, the MiCK works virtually unidirectionally controlling the flux through the PCr shuttle. As the shuttle is only partly activated (see Figure 4) , most of the energy transfer goes via ADP/ATP. Due to the diffusion barrier, this leads to relatively high cytosolic ADP concentrations inducing, via CK equilibrium, low PCr/Cr ratio and therefore high Pi, which regulates the respiration. As Pi is well above its Km for mitochondria (800µM in the model), the sensitivity of the ATP synthesis to the changes in Pi is low.
• High CK (VCK > 0.33). In this mode, the signal propagation becomes faster in parallel with the MiCK approaching its equilibrium. Further activation of MMCK does not affect tmito ( Figure 8 ). As the PCr, Cr, and ATP levels in cytosol do not differ much from their IMS levels, the active MiCK reduces also the difference between ADP and ADPi by increasing ADPi. The closer the MiCK to equilibrium, the smaller the difference between ADP and ADPi and therefore the higher the flux that goes through the PCr shuttle. Increase in ADPi translates to the decrease in Pi via incorporation of phosphate into PCr to keep the ATP synthesis constant for different VCK values. As Pi becomes lower, the ATP synthesis becomes more sensitive to it resulting in shorter tmito. Interestingly, in this mode ADPi has negative control over respiration (see Figure 3 ).
Next we demonstrate the influence of removing the diffusion barrier to tmito. By removing the barrier we mean here its reduction by 10 times for all metabolites diffusing between the IMS and the cytosol. It turns out that this influence is very strong (see Figure 9 ). The peak of the tmito curve is completely removed. The reason for this is that ADP and ADPi cannot differ much from each other any more which keeps ADPi much higher than if the barrier were present. This in turn translates into lower Pi concentrations that control the signal transduction. For VCK −→ 0 we observed Pi −→ 800µM (results not shown) which is an order of magnitude lower than with the diffusion barrier present (see Figure 3) . The removal of the barrier results also in much more stable PCr levels at low VCK and the lack of considerable activation of the PCr shuttle. Only about 20% of the flux of high energy phosphates was carried by the shuttle at VCK = 3. Figure 10 shows the effect of graded CK inhibition in isolated perfused rabbit hearts on the mitochondrial oxygen consumption as a response to workload step [10] , and the model fit to these experiments. To replicate the experiments, we had to modify some of the model parameters compared to those used in the previous simulations. The modified parameters were: the maximal ATP synthesis rate Vsynmax = 1610µM/s instead of 4600µM/s; total phosphate in the system Pitot = 34mM instead of 32mM; the restriction on outer membrane was 9 times lower than used for most of the simulations above. Also, we used the maximal MiCK and MMCK activities measured by Harrison.et.al [10] for the tmito experiments 0.35 IU/mgdw and 7.35 IU/mgdw at T = 25
Comparison with the experiment
• C, respectively. Interestingly, the maximal MiCK activity was about 3 times lower than found by other groups [12] and used in our other simulations. Therefore, the relative VCK = 100% in Figure 10 is comparable to the VCK = 0.33 in Figure 6 . Although the model is not able to fit the experiment without modification of some of the model parameters, the model is able to reproduce qualitatively the most important observation made in this experiment -the decrease of tmito as the CK is inhibited.
Comparison with the results from the extended models
Repeating the simulations shown in this section on a more extensive cardiac cell metabolism model developed previously [24] did not reveal qualitatively different results. Also we repeated the simulations replacing steady ATP hydrolysis rate with pulsating ATP hydrolysis (beating heart); the influence of the pulsation of hydrolysis to tmito was minimal regardless of the considerable oscillations of some metabolites (results not shown).
DISCUSSION
In this work we analyzed the mitochondrial response time tmito depending on the relative activity of the CK system using a simple mathematical model, but revealing relatively complex behavior. The model showed the unimodal dependency of tmito on the CK activity (see Figure 6 ). The left branch demonstrates the qualitative replication of the experimentally observed phenomenon: the decrease of tmito when approaching very low CK activities ( Figure 10 ). However, the right descending branch has not been experimentally observed; this may be due to the low mitochondrial CK 3% 6% 16% 100% 0 Figure 10 : Mitochondrial response times of perfused rabbit hearts to workload steps corresponding to different levels of CK activity (solid bars with ±SE) and simulation of these experiments (empty bars). Different levels of CK activity in experiments were obtained by infusing different amounts of an irreversible CK inhibitor (iodoacetamide) before the tmito measurements. The CK activities were determined after the experiments. Experimental data from [10] . activity in the rabbit hearts used for the experiments and the lack of animal models with overexpression of CK. The response times on different branches were controlled by the activities of different CK isoenzymes. The unimodal shape of the tmito curve was strongly affected by the strength of the diffusion barrier between the sites of ATP production and consumption; the removal of the barrier removed the peak (unimodality) by reducing the signal buffering capacity of the CK system.
Adequacy of the model
The model possesses the following important properties that have been experimentally observed by many different groups. First, it is metabolically stable meaning that for low and moderate workloads, the ATP and PCr levels remain practically constant. Second, the energy transfer occurs mostly via the PCr shuttle. Third, at moderate workloads, the PCr level drops when CK is inhibited.
The model was used to simulate the tmito experiments with CK inhibition shown in Figure 10 . However, the fit was sensitive to small changes of the parameters and it should be taken only as a qualitative replication of the experimental observations. It is not possible to compare the data in Figure 10 directly with the results presented in other figures, because in this experiment the oxygen consumption (workload) could not be kept the same for all CK levels. Also, the MiCK activity for the control group denoted as 100% of relative VCK in Figure 10 was only about 1/3 of the MiCK activity found in adult rabbit heart by other groups [12, 16] implying the MiCK/MMCK ratio of activities 1/20 in these hearts instead of 1/6.
The lack of glycolysis is perhaps the biggest shortcoming of our model concerning the simulation of mitochondrial response time experiments. Most of these experiments are performed using glucose as a substrate. The workload steps may induce a short burst of lactate production implying the temporary activation of glycolysis which may delay the signal transduction [23] . If pyruvate was used as a substrate instead of glucose then 1-3s shorter response times were observed [23] . On the other hand, glycolysis seems to cause only a short delay and our simulation results with the current model should be adequate to analyze the effects of CK inhibition qualitatively. We plan to include glycolysis in our model as a next step.
Another property missing in our model is the functional coupling between the MiCK and oxidative phosphorylation. However, this coupling seems to be relevant only at low total adenine nucleotide concentrations. Erickson-Viitanen.et.al [7] have shown that the strength of the coupling was inversely proportional to the ATP level; for ATP=0.7mM, the coupling caused only 3% deviation from the radioactive label incorporation into PCr predicted for reactions without coupling. As in our simulations the ATP levels are above 9mM, the absence of coupling is justified.
In the future it may be necessary to include also the partial parallel activation of mitochondria by calcium to our model to simulate the possible influence of the increased average calcium at higher heart rate after a workload step. Calcium can activate respiration very rapidly: Territo.et.al [22] observed as short response times of isolated mitochondria to calcium addition as 0.27s. Similar mechanism may exist in the intact heart. Such activation may be stronger if there is a calcium overload or an impaired calcium handling. If mitochondria are really activated during a workload step then we expect shorter response times than predicted by our current model. Note that the shortening of tmito by calcium activation may be twofold: in addition to producing more ATP at given ADP and Pi levels, mitochondria become also more sensitive to these metabolites. However, experimental evidence for the rabbit heart model indicates that calcium activation does not play a big role [23] and the model is therefore probably adequate to explain the effects of creatine kinase inhibition.
How CK isoenzymes determine t mito
Our results show that tmito can be strongly influenced by the activity of the CK system. Without the CK activity present, very short tmito values can be observed, because ADP in the model is not buffered. The MMCK isoform is able to increase tmito by buffering ADP, while its signal buffering capacity can be strongly increased by the diffusion barrier between the sites of ATP production and consumption. In contrast, the MiCK isoform is able to speed up the signal transduction and overcome the influence of the diffusion barrier. The latter occurs via MiCK reaching the equilibrium, which results in relatively low Pi and, therefore, in increased sensitivity of respiration to small Pi changes.
The peak in tmito is completely removed by reducing the diffusion barrier (see Figure 9 ). The removal of the barrier mimics the situation where the MiCK would reach its equilibrium in parallel with the MMCK (MMCK will establish the equilibrium in the IMS). Our simulations showed that for any VCK , the cytosolic Pi would remain below 1mM if there is no diffusion barrier.
Diffusion barrier between the energy production and consumption sites
In the model we used a diffusion barrier that induced ADP concentration differences between the cytosol and the IMS of up to 60µM at 1/4 of the maximal ATP synthesis rate. The model lost some important properties when the diffusion barrier between the IMS and cytosolic compartments was 10 times reduced. In the latter case, most of the energy left the mitochondria in the form of ATP and the PCr shuttle worked only at very low rate. The inhibition of the CK system caused about an order of magnitude smaller changes of PCr and Pi levels than with the barrier present. Such behavior of the model would be in contradiction with experiments. Dos Santos [6] inhibited the CK system in perfused rabbit hearts to 14% of its original activity and observed an increase of Pi from 1 to 5mM and a drop of PCr from 22 to 14mM which are comparable to those exhibited by our model (see Figure 3 ). This indicates that the presence of some diffusion barrier between the sites of energy production and consumption may be necessary.
One possible source of the barrier may be the existence of the microcompartment between the MiCK and ANT which is diffusionally separated from the IMS compartment. Interestingly, the strength of this barrier seems to depend inversely on the ATP level [7] . Several groups have proposed that the heart mitochondrial outer membrane permeability is low (see [18] for a review). However, our recent unpublished results show that this barrier, if it exists, can generate ADP concentration differences only up to 20µM at halfmaximal workloads. It is thought that diffusion through myofibrils cannot cause high diffusion gradients. Many groups have measured the diffusion coefficients of small metabolites in different muscle types [5, 11] and arrived at the conclusion that their diffusion is about 2-3 times slower than in water. This means that at least 1/3 of the cell volume must be free for diffusion. As mitochondria, SR, nuclei and T-tubules occupy about 30% of the heart cell volume, cytosol about 13% and the rest is filled with myofibrils [8] , also at least 1/3 of the myofibrillar volume must be free for metabolite diffusion. With such diffusion-free space, only the concentration differences of few µM can be generated over distances of 1-2µm. This conclusion is in accord with the results of the numerical simulation of intracellular ADP gradients in working heart by Vendelin.et.al [24] . The 3D electron microscopic (EM) tomographic reconstructions of the mitochondria of rat liver cells demonstrate that the mitochondria are partly wrapped by endoplasmic reticulum [13] . Using the EM, Sharma.et.al [19] have shown the close proximity of the mitochondria and sarcoplasmic reticulum (SR) in rat heart cells. It is not clear whether the proximity of the SR causes the diffusion limitation. While it may limit the diffusion of metabolites to myofibrils, it contains active ATP consuming sites juxtaposed with mitochondria. In summary, it is not clear how much these factors contribute to the diffusion barrier.
An alternative hypothesis is that glycolytic enzymes and perhaps MMCK interact with the phosphate metabolites being transported between myosin ATPases and ion pumps on the one hand and the mitochondria on the other. Active enzymes may hinder diffusion to and from ATP consuming sites, and may be positioned in such a way that they do not hinder bulk diffusion. This hypothesis would agree with the idea that glycolytic enzymes and creatine kinase buffer ADP, ATP and Pi and interact intensively with the metabolic signal between sites of ATP consumption and production (review: [23] ).
We did our simulations using the CK activities of the rabbit. About 15% of the total CK activity of adult rabbit heart is in the mitochondria [16] . In contrast, adult rat heart can have up to 40% of the CK activity in mitochondria while the total CK activity is comparable to that of rabbit [25] . This may lead to the differences in regulation mechanisms and energy transfer modes in these species. Based on modeling we propose that measuring tmito in perfused rat hearts after a graded inhibition of CK and using pyruvate as a substrate to eliminate the possible interference of glycolysis may let one "probe" the diffusion barrier. If the control rat hearts will show shorter response times than hearts with partly inhibited CK system then the considerable barrier is present and it may be possible to quantitate it.
CONCLUSIONS
In this work we analyzed the mitochondrial response time depending on the relative activity of the CK system using a simple mathematical model. We conclude that the buffering role of the CK system is determined by the activity of the myofibrillar CK (MMCK) while the energy transfer role is controlled by the activity of the mitochondrial CK (MiCK). The diffusion barrier between the energy production and consumption sites can strongly increase the signal buffering capacity of CK system. We propose that there may exist differences in regulation mechanisms and energy transfer modes in species with relatively low MiCK activity such as rabbit compared to species with high MiCK activity such as rat. This study demonstrates that developing a model of muscle energy metabolism, let alone a Virtual Muscle Cell, requires extensive testing of the model against experimental data.
APPENDIX
Here we describe the model used for our simulations. The model consists of two compartments, the cytosol and the intermembrane space (IMS). In both compartments the following metabolites are considered: ATP, ADP, PCr, Cr, and Pi. The compartments are separated by a partly permeable diffusion barrier. In the IMS compartment the ATP synthesis and MiCK reactions are considered, in the cytosolic compartment the MMCK reaction and ATP hydrolysis occur. The parameters used in modeling are given in Table 1 .
The rate equations for all metabolites are as follows. The subscript i denotes the IMS concentrations, the cytosolic ones are without subscript.
AT P = (−V hyd − VMMCK + JAT P )/Vcyt,
P Cr = (VMMCK + JP Cr )/Vcyt,
Cr = (−VMMCK + JCr)/Vcyt,
AT P = (−V hyd − VMiCK − JAT P )/Vims,
ADP = (V hyd + VMiCK − JADP )/Vims,
P Cr = (VMiCK − JP Cr )/Vims,
Cr = (−VMiCK − JCr)/Vims,
where Vsyn, V hyd , VMMCK , and VMiCK are the reaction rates per volume of intracellular diffusion-free water, JMet are the diffusion fluxes between the compartments (M et denoting any of the metabolites involved), and Vims and Vcyt are the fractional volumes of the cytosolic and IMS compartments, respectively, with respect to total diffusion-free cell volume.
The CK reaction rate vCK is described by the equation [17] , .
The equations (11) and (12) govern the rates of both VMiCK and VMMCK when the concentrations of the corresponding compartment and the kinetic constants for the appropriate isoenzyme from Table 1 are plugged in.
The ATP synthesis rate is a Michaelis-Menten-type equation depending only on ADPi and P ii [21] .
where
Diffusional fluxes between the compartments are as follows.
JAT P = RAT P (AT Pi − AT P ),
JP Cr = RP Cr (P Cri − P Cr),
where RMet is the permeability for the metabolite M et. Positive direction of flux is from the IMS to cytosol.
The metabolites obey the following moieties conservations (AT P + ADP )Vcyt + (AT Pi + ADPi)Vims = AdNtot(Vcyt + Vims),
(P Cr + Cr)Vcyt + (P Cri + Cri)Vims = Crtot(Vcyt + Vims), (21) (AT P + P Cr + P i)Vcyt +(AT Pi + P Cri + P ii)Vims = P itot(Vcyt + Vims). 
